In the present article, the rheological responses of oil-in-oil emulsions in a dc electric field were investigated experimentally. Specifically, the dispersed phase of the emulsions considered in this work was less conducting than the continuous phase. Depending on the relative strength between the shear flow and electric fields, three distinctive responses of the emulsions were observed in steady and dynamic oscillatory shear tests. First, the apparent viscosity enhancement ͑positive electrorheological effect͒ was produced when the electric field was predominant. Second, when the shear flow was strong and dominant, the electric field played a trivial role on the rheological behavior of emulsions. Finally, the viscosity reduction ͑negative electrorheological effect͒ was generated when the shear flow and electric fields were competitive. The viscosity enhancement was induced by the formation of chain-like microstructures of the dispersed droplets as in a typical electric-field responsive particle suspension. Meanwhile, the viscosity reduction was closely associated with the electric-field-induced rotation of the dispersed droplets, which was confirmed by the electrohydrodynamics of a single conducting drop in a more conducting ambient fluid. Finally, the rheological responses of the model emulsions to a dynamic small-amplitude oscillatory shearing were considered in conjunction with the morphology evolution under the action of the electric and flow fields. The results showed that the interfacial contribution to the rheological response appeared quite differently depending on the conductivity ratio of the two contiguous fluids.
I. INTRODUCTION
Concentrated suspensions of solid particles in insulating liquids show extraordinary responses under the application of an electric field: there is a drastic but reversible change in a rheological sense. The electrohydrodynamic responses produce a substantial increase in the viscosity of suspension, as well as a yield stress which has to be overcome to start a flow. These are referred to as the electrorheological ͑ER͒ responses and the electricfield responsive suspension is called the ER fluid ͓Block and Kelly ͑1988͒; Zukoski ͑1993͔͒. Since the pioneering observation of Winslow ͑1949͒, ER fluids have been considered as an ideal interface between mechanical devices and electronic controls because the rheological changes in the suspension occur on a very short time scale and with low power consumption.
Recently, as a new type of ER fluid, the rheological responses of immiscible liquid blends or emulsions in an electric field have been investigated experimentally. Although, the ER effects in emulsion are not drastic as much as those observed in conventional ER suspensions, the phenomena become more complicated due to the deformation, breakup, or coalescence of the dispersed drops. In addition, the material properties can be adjusted readily in emulsion systems. Thus, the mechanism of the electrorheological responses can be examined by varying the material properties carefully in emulsion systems. This is a unique advantage of studying emulsion rheology in an electric field. Pan and McKinley ͑1997͒ studied the transient ER response of emulsions to a step change of an external electric field. The ER effect was enhanced with electric field strength but deteriorated with flow field strength. When the dispersed phase was much more conducting than the continuous phase, the response was much stronger than that observed in the phasereversed emulsion. In their study, the negative ER response ͑viscosity reduction in the presence of an electric field͒ was not observed. The optical microscopic observation was also reported under a static condition. More recently, Kimura et al. ͑1998͒ reported both the positive and negative ER effects in urethane-modified polypropylene glycol ͑UPPG͒/ dimethylsiloxane emulsions. According to the authors, the two opposite effects were produced by the connection of more conductive UPPG between the electrodes under an electric field. Under these circumstances, the decisive parameter was the viscosity ratio of the two contiguous fluids. The positive ER effect was generated when the viscosity of the dispersed phase was large compared with that of the continuous phase and vice versa. On the other hand, when the continuous fluid phase is more conducting than the dispersed phase, the ER effect was not appreciable. The relationship between the ER effect and the domain structure was also discussed under the simultaneous application of steady electric and shear flow fields.
The structural changes of the dispersed phase in an electric field under the shear flow have been studied by Orihara and his co-workers ͓Tajiri et al. ͑1997͒, ͑1998͒, ͑1999͒; Orihara et al. ͑1999͔͒. It was clarified that the stretched structure constructed by the elongated droplets and bridges was tilted from the direction of the electric field by the imposed shear flow. Furthermore, the transient response of an immiscible polymer-blend ER fluid to a step change in electric field was a fast rise followed by a slow one. This second mode ͑the slow rise͒ was considerably different from the first mode ͑the fast rise͒ in the dependence of their transient responses on both the electric and shear flow fields. In addition, the phase separation of blends into the constituent phases of high and low viscosities was responsible for the second mode. It should be noted, however, that these studies considered exclusively the responses of emulsions of which the dispersed phase was much more conducting than the continuous phase.
The behavior of a single isolated droplet in an immiscible quiescent fluid under the action of an electric field has been largely explored and well understood, although some quantitative discrepancies still remain ͓Saville ͑1997͔͒. Due to the mismatch of electrical properties between the dispersed and continuous phases, the electric stress becomes discontinuous and antisymmetric charge distribution is generated at the liquid-liquid interface. Thus, under the action of an electric field, not only the drop shape deforms but the fluids inside and outside of the emulsion drops are set in motion ͓Taylor ͑1966͔͒. The precedent studies showed that the decisive parameter in determining the mode of drop deformation in an electric field is the conductivity ratio of the two fluids and other properties such as viscosity and permittivity ratios have only minor effects. Roughly speaking, when the continuous phase is more conducting than the drop phase, the equilibrium shape of the drop is oblate in an electric field. Otherwise, the prolate-type deformation proceeds, as schematically illustrated in Fig. 1 ͓Allan and Mason ͑1962͒; Torza et al. ͑1971͒; Vizika and Saville ͑1992͒; Ha and Yang ͑1995͒, ͑1998͒, ͑1999a b,c, 2000͔͒. For the prolate-type deformation, the columnar morphology can be readily formed between the electrodes since the electric field stretches the droplet. These liquid columns ͑or bridges͒ are mainly responsible for the ER effect in emulsion systems. On the other hand, when the droplet experienced the oblate-type deformation, the droplet is pushed from the electrodes due to the distribution of surface charges induced by the external electric field. Consequently, the columnar morphology can be hardly created by the electric field. Therefore, the outlined electric-field-induced deformation suggests that emulsions will exhibit different rheological responses depending on the deformation type of dispersed phase. The motion of two neighboring drops in a uniform electric-field is also influenced by the electric-field-induced flow ͓Baygents et al. ͑1998͔͒. When the electric and shear flow fields are imposed simultaneously, the electrohydrodynamics of the neighboring drops becomes more complicated. Not only the degree of drop deformation but also the orientation of the drops is strongly influenced by the relative magnitude of the external fields ͓Allan and Mason ͑1962͔͒
Until now, studies on the ER responses of emulsion systems have considered mainly the responses of a more conducting dispersed phase suspended in a less conducting medium. In contrast, the phase-reversed emulsions have attracted relatively scant attention. This is one of the primary motivations of this study. In this work, we carried out systematic experiments for the ER response of oil-in-oil emulsions of which the dispersed phase was less conducting than the continuous phase in an electric field. The pair of FIG. 1. Schematic representation of the orientation of a drop under the combined action of shear and electric fields. ͑a͒ When the conductivity of the drop phase is much higher, the drop deforms into a prolate spheroid. By simultaneously imposing of a shear flow, the orientation angle of the drop is varied from 45°to 90°depending on the relative strength of the two competing forces. When the electric field is dominant, the drop orients parallel to the direction of electric field. As the strength of shear flow increases, the major axis of drop deformation becomes inclined; ͑b͒ When the conductivity of the continuous phase is much higher, the drop deforms into an oblate spheroid. The orientation angle of the drop is varied from 0°to 45°depending on the relative strength of the two competing forces.
Newtonian fluids, namely castor oil and silicone oil, were used to prepare oil-in-oil emulsions. Because silicone oils have nearly constant electrical properties apart from their viscosities, the effect of the viscosity ratio between the dispersed and continuous phases on the ER effect can be examined independently of the electric properties. Although Kimura et al. ͑1998͒ studied the effect of the viscosity ratio on the ER effect by changing temperature, it may provide some ambiguous or even incorrect conclusion because the temperature dependence of the conductivity is not negligible. Usually, the electrical conductivity varies with 3%-5%/°C, whereas the dielectric constant varies with about 0.1%/°C for poorly conducting dielectric fluids ͓Turnbull ͑1968͔͒. We report here somewhat complicated ER responses, and discussed qualitatively from the electrohydrodynamic response of a single conducting drop in a more conducting ambient fluid.
II. EXPERIMENT

A. Preparation of oil-in-oil emulsions
We begin with the preparation of oil-in-oil emulsions composed of two immiscible Newtonian fluids of caster oil ͑Aldrich͒ and silicone oil ͑KF-96, Shin-Etsu Silicone͒. The Newtonian viscosity and dielectric constant of castor oil were 1.55 Pa s and 3.8, respectively. Six kinds of silicone oils with the shear viscosity ranging from 0.13 to 3.50 Pa s, were used in order to examine the viscosity ratio effects independently from the electrical properties. In Table I , the electrical and rheological properties such as conductivity , dielectric constant ⑀, viscosity , and charge relaxation time scale ϭ ⑀⑀ 0 / of the constituting substances are listed. In addition, the physical parameters characterizing the model emulsions are contained in Table II . To examine the effect of the oil conductivity more thoroughly, we slightly modified the electrical properties of castor oil by adding small amounts of organic substances such as ethyl alcohol. The volume fraction of the dispersed phase was fixed at about 20% for all of the emulsions prepared here. The dispersed phase fluid was added slowly to the continuous phase with vigorous agitating by a mechanical homogenizer. The prepared emulsions maintained the phase stability suitable for the rheological test. The indication of an apparent phase separation did not observed within a few days. The stock emulsions were stirred continuously by mechanical homogenizer in order to prevent the phase separation before loading on the rheometer. Although the stability of emulsions can be enhanced considerably by adding the appropriate surfactant such as Span or other oil soluble surface-active agents, the addition of the third component induces more complex responses in the rheological test. Discussion about the effect of surfactant on the electrorheological behavior of emulsions can be found elsewhere ͓Ha and Yang ͑1999e͔͒.
B. Measurement
The rheological properties of the constituent fluids and the emulsions with or without imposing an electric field were measured by an ARES fluid rheometer ͑Rheometric Scientific͒. Two-parallel-plate fixture of 5 cm in diameter, which was also served as electrodes, was used. The gap between two plates was 1 mm. High voltage power supply ͑Series EH, Glassman High Voltage͒ was connected to these plates. The ER responses of the emulsion were measured at room temperature (15Ϯ1°C) at various de field strengths in the range of E 0 ϭ 0 -2 kV/mm. The viscosities of castor and silicone oils used in this study were nearly independent of the electric field strength. For illustrative purposes, the shear stress is plotted versus the shear rate in Fig. 2 in the absence or presence of the electric field for the selected oils. For the model emulsions, the ratios of the Newtonian viscosity of the dispersed phase to that of the continuous phase, i.e., ( ϭ d / c ) are included in Table II .
Since the conductivity ratio of the two contiguous fluids is the most decisive parameter in determining the mode of drop deformation, the conductivities of the fluids and their dependence on the electric field strength are important. Ordinary conductivity meters were not appropriate for leaky dielectric materials such as silicone oil used as an insulating dispersed phase. Instead, the conductivities of the liquids were also measured by a parallel plate fixture. First, the electric current was measured after the inception of the electric field. The measured current was divided by the area of the electrode to give the current density. Then, the conductivity was obtained by dividing the current density by the electric field strength. Indeed, a very high voltage was required when the cell was filled with a low-conductivity fluid and the current through the circuit could be measured only by a sensitive ammeter ͑Yokogawa Electric Corp., Model 2011͒. Obviously, this method does not provide the exact value of the fluid conductivity, but gives sufficient information since the relative magnitude of the electrical properties between the drop and the continuous phases is much more important rather than their individual values. The repeated measurements of conductivities at various electric field strengths showed that the conductivities remained nearly constant in the electric field range considered here. The dielectric constants of the liquids were measured by dielectric analyzer ͑TA Instrument͒ with a dip-type sensor. In Table II , the conductivity and permittivity ratios of the dispersed phase to the continuous phase, d / c and ⑀ d /⑀ c , are listed for the model emulsions. 
III. RESULTS
A. Steady shear-rate sweep responses
In Fig. 3͑a͒ , the rheological responses of EV1 are represented up to the electric field strength of 2 kV/mm. In obtaining about 16 data points in each experimental run, it took 10 min or so. This time interval between two consecutive data points was sufficient to reach the steady-state morphology. The sample emulsion EV1 had the lowest viscosity ratio ( ϭ 0.08) in our experimental runs. In this plot, the viscosities E were scaled by the zero-field viscosity 0 of the same emulsion. As noted, at low shear rates, the viscosity was increased by the presence of the electric field and the so-called positive ER effect was displayed. The positive ER effect was enhanced with electric field strength. However, as the shear rate increased further, the positive ER effect was diminished and the weak ͑about 5% at maximum͒ negative ER effect was produced. Finally, at much higher shear rates, the electric-field contribution to the apparent viscosity of the emulsion was not appreciable. Although the rheological responses of emulsions with higher viscosity ratios were not much different from those of EV1 in a qualitative manner, more drastic viscosity reduction ͑about 55%͒ at intermediate shear rates was observed as shown in Fig. 3͑b͒ . Indeed, at low shear rates, the reduced viscosity decreased with shear rate, then appeared to pass through a minimum and increased up to unity at very high shear rates where the ER effects diminished. Furthermore, there was a certain electric field strength above which the magnitude of positive ER effect generated at low shear rates was decreased.
As shown in Figs. 3͑a͒ and 3͑b͒, there are three regions of shear rate exhibiting distinctively different rheological responses in the presence of an electric field. Obviously, the decisive parameter classifying the rheological responses is the relative magnitude of the shear flow to the applied electric field. Conventionally, in the studies of ER fluids, the relative strength of shear flow and electric polarization force has been represented by means of the dimensionless Mason number Mn*( ϭ c ␥ /⑀ 0 ⑀ c ␤ 2 E 0 2 ). Here, c and ⑀ c stand for the viscosity and dielectric constant of the continuous phase, respectively, and ⑀ 0 denotes the permittivity of the free space. In addition, ␤ is the complex particle polarizability defined as in which d * ϭ d ϩi⑀ 0 ⑀ d and c * ϭ c ϩi⑀ 0 ⑀ c are the complex conductivities of the dispersed and continuous phases, respectively, at the frequency of an ac electric field. In addition, d and c are the bulk conductivities in the two contiguous phases. Clearly, in the limit of low electric field frequencies or dc field,
Hence, under a dc electric field, the particle polarizability depends only on the conductivity mismatch between two phases rather than the permittivity mismatch. The Mason number Mn* indicates the relative importance of the viscous forces driven by the imposed shear flow to the electric polarization interaction forces. In fact, the characteristic viscous drag on a dispersed drop is actually related to the viscosity ratio between the two phases. Pan and McKinley ͑1997͒ added the viscosity-ratio contribution to the Mason number by considering a spherical liquid drop translating through a quiescent immiscible liquid medium at low Reynolds numbers. However, the emulsion drops in the presence of an electric field must be deformed. When the Mason number is smaller than unity, i.e., the electric polarization force is dominant, the rheological behavior of emulsions is determined by the microstructure of the dispersed phase induced by the electric field. Meanwhile, if the Mason number is much larger than unity, the drop deformation is governed by the imposed shear flow, and thus, the electric-field contribution becomes trivial. In the intermediate Mason numbers, the two competing mechanisms are both responsible for the apparent viscosities of emulsions.
In Fig. 4 , the reduced viscosities E / 0 of emulsions are illustrated as a function of the Mason number for the three regions of weak, intermediate, and strong shear-flow fields, respectively. Also included for comparison are the effects of the viscosity ratio. Let us then begin by considering the case of a low shear rate of ␥ ϭ 0.25 s Ϫ1 . In this case, the positive ER effect was generated as noted from Fig. 4͑a͒ . When the drop phase was less viscous, i.e., Ӷ O(1), the positive ER effect was monotonically enhanced as the electric field increased ͑or equivalently as Mn* decreased͒. Meanwhile, for higher viscosity ratios, there was a certain electric field strength at which a maximum positive ER effect was produced. For the emulsion EV5 of which ϭ 2.3, even the negative ER effect was generated at low Mason numbers, or equivalently at strong electric fields. As mentioned previously, the unusual negative ER effect or viscosity reduction appeared as the shear rate increased. The corresponding results for a shear rate of ␥ ϭ 2.5 s Ϫ1 are reproduced in Fig. 4͑b͒ . At the intermediate shear rate, the viscosity reduction was more pronounced either as the dispersed phase became more viscous or when the electric field strength increased. Finally, the ER responses of emulsions at a high shear rate of ␥ ϭ 25.0 s Ϫ1 showed that the ER contribution to the shear viscosity was negligible as noted from Fig. 4͑c͒ . It is noteworthy that although weak, the dependence of the reduced viscosity on the viscosity ratio at intermediate shear rates was preserved at high shear rates for a given Mason number. However, at low shear rates, the reduced viscosities displayed an entirely different dependence on . This clearly indicated not only that the individual strength of the imposed shear flow or the electric field was also a crucial factor in addition to their relative strength in the ER responses, but also that the electropolarization was not the unique ER mechanism in the present emulsion systems. In Fig. 5 , the minimum value of the reduced viscosity for each emulsion is represented as a function of the viscosity ratio at a given electric field strength. It can be noted again that the viscosity reduction became conspicuous as either the viscosity ratio or the electric field strength increased.
The effect of electrical properties of emulsions on the rheological responses is illustrated in Figs. 6͑a͒ and 6͑b͒ for emulsions RV1 versus EV3 and emulsions RV2 versus EV4, respectively. The emulsion designated by RV1 has a conductivity ratio of 0.009, which is much lower than 0.153 of EV3, see Table II . The viscosity ratios of the two emulsions range from 0.62 to 0.70. The dielectric constant ratio is also slightly changed. It can be seen readily from Fig. 6͑a͒ that the negative ER effect was suppressed by decreasing the conductivity ratio, whereas the positive ER effect at the low shear rates still was maintained with a considerable magnitude. Again, the emulsion became more viscous as the electric field strength increased up to a certain value above which the emulsion viscosity decreased slightly with electric field strength. Similar ER responses can be seen from Fig. 6͑b͒ for the emulsions with slightly larger viscosity ratios ranging from 0.83 to 1.04.
B. Responses to a step change in the electric field
Now, let us consider the transient response of emulsion systems to a step change in the electric field. The results are included in Figs. 7 and 8 in which the emulsion viscosity is plotted as a function of the elapsed time after the inception of electric field for various emulsions. The time interval between two consecutive data points was 0.5 s. In Figs. 7͑a͒ and 7͑b͒, the rheological responses to the successive turn-on and turn-off of electric field strength of 1.2 kV/mm are shown for the emulsions EV4 and RV2 at a fixed shear rate of 0.2 s Ϫ1 , respectively. Under these circumstances, both the emulsions exhibited the positive ER effect. As noted from Table II , the viscosity ratio of RV2 was slightly larger than that of EV4, whereas the conductivity ratio of RV2 was much lower than that of EV4. It can be seen from Fig. 7͑a͒ that the shear viscosity of emulsion EV4 was overshooting rapidly to a much larger value within a short period of time ͑order of few seconds͒ and exhibited subsequently a slow transient relaxation. The emulsion viscosity was damped to a steady value, which was still substantially larger than the viscosity in the absence of the electric field. After turning off the electric field, the emulsion was restored to the original state by a dynamic relaxation process. Among a sequence of tests on a given sample under the same strength of electric field, the first application of the electric field usually led to the strongest response as observed by Pan and McKinley ͑1997͒ for the chlorinated paraffin oil/silicone oil emulsions. In their case, the dispersed phase was more conducting than the continuous phase. Pan and McKinley ͑1997͒ also found that the longer the zero-field time interval, the closer the following response strength to the first one. Al-
FIG. 5. The lowest reduced viscosity induced by the negative ER effects as a function of the viscosity ratio under various electric field strengths.
though not great, the viscosity undershoot was observed in emulsion EV4 when the electric field was turned on. On the other hand, as noted from Fig. 7͑b͒ , the viscosity overshoot or undershoot was not observed in the transient responses of emulsion RV2. The effect of viscosity ratio on the transient responses of emulsions in a step application of an electric field is presented in Figs. 8͑a͒, 8͑b͒ , and 8͑c͒. As noted previously, the high viscosity of dispersed phase was favorable to the negative ER effect. When the viscosity ratio was much smaller than unity ͑for example, emulsion EV1͒, any considerable response in a rheological sense was not observed under the action of electric field, see Fig. 8͑a͒ . At higher viscosity ratios, the negative ER effect appeared as shown in Figs. 8͑b͒ and 8͑c͒. For the emulsion of a higher viscosity ratio, the viscosity undershoot was observed for emulsions EV3 and EV5, which was reproduced in Figs. 8͑b͒ and 8͑c͒ . Finally, some transient responses can be observed in Figs. 7 and 8 after the cessation of the electric field. On the other hand, when the electric field was turned on, the transient responses could hardly be observed if the continuous phase was much more conducting than the dispersed phase. The transient responses after the cessation of the field can be interpreted as a dynamic relaxation of electric-field-induced microstructures such as chain formation due to the electropolarization.
FIG. 7.
Transient responses of the shear viscosity to a successive application of an electric field of 1.2 kV/mm at a shear rate of ␥ ϭ 0.2 s Ϫ1 ͑a͒ for emulsion EV4 ( ϭ 0.83); ͑b͒ for emulsion RV2 ( ϭ 1.04).
C. Dynamic frequency sweep responses
Let us then turn to the dynamic frequency sweep responses of emulsions. Most of previous results have been concerned with the steady shear flow, which inevitably disrupts the electric-field-induced microstructures. Another way to explore structural rearrangement within an emulsion system is to impose small-amplitude oscillatory shearing. If the strain amplitude is small enough that the fluid microstructure is not much disturbed by the deformation, the stress measured during the oscillatory deformation is controlled by the rates of spontaneous rearrangements, or relaxation present in the fluid in a quiescent or equilibrium state.
Let us begin with the dynamic oscillatory response of the phase-reversed type I emulsion in which the dispersed phase is much more conducting than the continuous phase. In this case, the dispersed drop is stretched and deforms into a prolate spheroid when subjected to a dc field. For illustrative purposes, we chose a pair of the Newtonian fluids, CO1 and SO5, with a large conductivity mismatch. Thus, in type I emulsion ͑i.e., in the   FIG. 8 . Effect of the viscosity ratio on the transient responses of the shear viscosity to a step application of electric field of 1.2 kV/mm at a shear rate ␥ ϭ 2 s Ϫ1 ͑a͒ for emulsion EV1 ( ϭ 0.08); ͑b͒ for emulsion EV3 ( ϭ 0.70); ͑c͒ for emulsion EV5 ( ϭ 2.30).
phase-reversed emulsion of EV4͒, more conducting CO1 was dispersed in less conducting SO5. In Fig. 9 , the electrorheological responses of type I emulsion ͑CO1/SO5͒ are represented. It can be clearly noted from Fig. 9͑a͒ that the complex viscosity of the emulsion was significantly enhanced by an electric field, especially at low frequencies of oscillatory shear flow. The positive ER effect increased with electric field strength. At high frequencies, the rheological behavior of emulsion was totally governed by predominant shear flow as usually observed in the literature. Also included in Fig. 9͑a͒ is the storage modulus of emulsion as a function of frequency of imposed flow. Although both the phases were Newtonian, the type I emulsion exhibited considerable elasticity which led to the storage modulus GЈ(). As the electric field strength increased, the storage modulus increased at low frequencies and a plateau developed. This plateau region was sustained over a much wider range of the frequency, as the electric field became stronger. In Fig. 9͑b͒ , the storage modulus GЈ() is plotted versus the loss modulus GЉ() in log-log scale to consider the dynamic viscoelastic properties of type I emulsion system. In fact, the so-called Cole-Cole plots are very sensitive to the morphological state of heterogeneous systems, since the rheological data are superposed on the plot of GЈ() versus GЉ() for a given morphological state. It can be seen from Fig. 9͑b͒ that a significant deviation was produced by the electric field, which was clearly indicative of the formation of a different morphological state. The higher electric field strength produced the higher plateau modulus. One thing worth noting is that the magnitude of GЉ() was still much larger than GЈ(). Although the formation of electric-fieldinduced microstructures in emulsion was obvious, the emulsion possessed a liquid-like structure.
Let us then turn to the dynamic responses of emulsions consisting of the less conducting dispersed phase and the more conducting continuous phase, which are mainly considered here. In Fig. 10 , the dynamic responses of emulsion EV4 are shown. As noted, the positive ER effect at low frequencies was very weak compared to that observed in the phase-reversed type I emulsion. The viscosity reduction ͑or negative ER effect͒ was apparently produced again at high frequencies as shown in Fig. 10͑a͒ . In Fig. 10͑b͒ , GЈ() is plotted versus GЉ() to consider the dynamic viscoelastic properties of the emulsion system. For EV4 emulsion, an unusual response of the storage modulus was observed in the presence of the electric field. The storage modulus slightly increased with electric field. However, at a certain range of the frequency, the storage modulus was decreased by the presence of the electric field, as seen clearly from Figs. 10͑a͒ or 10͑b͒.
IV. DISCUSSION
Up to now, we have seen that three distinctive rheological responses of emulsions, which consisted of a less conducting dispersed phase immersed in a more conducting continuous phase in an electric field. First, when the shear flow was weak compared with the applied electric field, the positive ER effect was produced although its magnitude was relatively smaller than the phase-reversed emulsions or conventional ER suspensions. Second, when the shear flow and electric fields were competitive, the apparent negative ER effect was generated. In particular, the magnitude of viscosity reduction was determined by the viscosity or conductivity ratio between the two contiguous phases. Finally, it was also observed that the electric-field contribution to the rheological responses of emulsions was diminished when the shear flow became relatively strong.
At least two independent studies have considered the ER responses of emulsions which consisted of a less conducting dispersed phase ͓Pan and McKinley ͑1997͒; Kimura et al. ͑1998͔͒ . In both studies, such an emulsion exhibited a little positive ER effect without any appreciable negative ER effect. It can be deduced from the present results that the rheological or electrical properties of the emulsions considered by the preceding studies were not appropriate for generating any negative ER effect. For example, in the study of Pan and McKinley, the silicone oil/chlorinated paraffin oil emulsion had a viscosity ratio of 0.14 and the conductivity ratio of 0.0012. In addition, Kimura et al. considered an emulsion with the viscosity ratio of 0.014. In both studies, the positive ER effect was observed and the enhancement of emulsion viscosity by the presence of an electric field was less than two times when the volume fraction of the dispersed phase was about 20%. This is very consistent with our experimental results. This weak positive ER effect is surely caused by the formation of unstable chain morphology rather than columnar morphology. Without any applied electric field or shear flow, the droplets of the dispersed phase are distributed randomly throughout the continuous phase. When an electric field is applied under these static conditions without an imposed shear flow, the emulsion drops can be either elongated parallel to the direction of the electric field for a prolate-type deformation or flattened out in the direction perpendicular to the electric field for an oblate-type deformation. Although the viscosity ratio is also an important parameter in the description of the drop deformation more accurately, the types of deformation are strongly dependent on the conductivity ratio of the constituent fluids, as can be found again in Fig. 1 . Accordingly, immediately after the application of an electric field, the droplets deform into a highly elongated shape when the continuous phase is less conducting than the dispersed phase. Many separated slender cylindrical columns emerge, aligned approximately along the field direction in the absence of an imposed shear flow as represented in Fig. 11͑a͒ . When a shear flow is imposed on the emulsion, the columnar morphology induces a bit large resistance to the imposed shear. This is the fundamental explanation of the positive ER effect observed in the emulsions of a more conducting dispersed phase. On the other hand, when the continuous phase is more conducting than the dispersed phase, the columnar morphology is not easily generated since the dispersed drops tend to deform into an oblate shape which is flattened out in the direction parallel to the rheometer walls. In this case, the chains of small droplets are formed and aligned along the field direction instead of the columns of dispersed phase without an imposed flow, as clearly shown in Fig. 11͑b͒ . Consequently, this chain morphology is responsible for the positive ER effect observed at low shear rates in the emulsions of the less conducting dispersed phase.
As mentioned earlier, the rheological response of an emulsion to a dynamic smallamplitude oscillatory shearing reflects its microstructural arrangement, which is not much disturbed by the small strain amplitude. In this case, the rheological behavior during the oscillatory deformation is controlled by the rates of spontaneous rearrangements, or relaxation present in the fluid at equilibrium. For example, we have seen in Fig. 9 that, for the phase-reversed type I emulsion, the plateau modulus appeared at low frequencies in the presence of the electric field. Obviously, this plateau arises from the interfacial tension ͓Lee et al. ͑1997͔͒. When subjected to a dc electric field or a shear flow field, the dispersed drop is elongated substantially and breaks up, which increases the interfacial tension. Meanwhile, the interfacial tension between immiscible fluids tends not only to restore the deformed shape to a sphere but also to coalesce the small drops into a larger one, thereby decreasing the interfacial area. It is also true that, in the case of type I emulsion, the droplets are able to coalesce more easily due to the electric polarization effect, which decreases the total interfacial area. Thus, if the coalescence of the dispersed phase is dominant rather than the breakup of elongated droplets, much thicker liquid columns are formed and stability of emulsion would be considerably deteriorated due to the phase separation, see Fig. 11͑a͒ . Thus, this rather complicated interfacial contribution is responsible for the plateau modulus. It is also noteworthy that, at high frequencies in which the electric field contribution is relatively weak, the dynamic response is governed solely by the hydrodynamic effect.
On the other hand, for the emulsion of a less conducting dispersed phase in a more conducting continuous phase, the plateau modulus did not appear. This is because an unstable chain-like morphology is more likely to form than the columnar morphology as in type I emulsion. This is clearly seen in Fig. 11͑b͒ . In this case, this chain-like morphology can be easily disrupted by various electrohydrodynamic effects such as the dielectrophoretic effect resulting from nonuniform electric field, electrophoretic migration of droplets caused by charges, and possible electrochemical reaction at electrodes. Moreover, the degree of deformation is much smaller than that of the phase-reversed type I emulsion drop. Thus, the interfacial contribution to the rheological response appeared quite differently from that in the phase-reversed emulsion.
As discussed previously, the ER responses of emulsions arise from the formation of electric-field-induced microstructures and are governed by the competing actions of the electric and shear-flow fields. In the presence of an imposed shear flow, the chain morphology becomes unstable. Therefore, the positive ER effect in an emulsion of less conducting dispersed phase is rapidly diminished with the shear rate, as observed in Figs. 3͑a͒ or 3͑b͒. Moreover, there is an additional electric-field-induced flow, which tends to FIG. 11. Morphological states of emulsions in a static condition. External electric field is applied to the vertical direction and the magnification is 160: ͑a͒ formation of elongated liquid columnar morphology at E 0 ϭ 0.5 kV/mm in a phase-reversed type I ͑CO1/SO5͒ emulsion; ͑b͒ formation of chain-like morphology in emulsion EV1 at E 0 ϭ 0.9 kV/mm. disrupt the chains. Even in the absence of an imposed shear flow, the transition occurs readily from the alignment of the drops in a weak electric field to disruption of the aligned structure in a strong electric field. This is because the electric field is not uniform around the drops. At strong electric fields, the nonuniformity of electric field on the drop surface becomes considerable, and thus, the droplets can experience much stronger electrohydrodynamic motions. Although the apparent viscosity of the emulsion increases with electric field in Fig. 3͑a͒ , the maximum electric field strength may also exist in this low-viscosity-ratio emulsion. Several factors contribute to this electrohydrodynamic flow, namely, dielectrophoretic migration of the dispersed drops due to the nonuniform electric field and electrophoretic motions of the charged drops. Thus, the diminishing positive ER effect at higher electric field strengths shown in Fig. 4͑a͒ is due to the disruption of the chain-like structure of small droplets. Under certain circumstances, similar electrohydrodynamic flow has been observed in an ER suspension disrupting the chain-like structure of rigid particles. Furthermore, our experimental results show that a more viscous dispersed phase enhances the electrohydrodynamic disruption of the chain structure. Now, let us discuss the origin of the viscosity reduction or negative ER effect observed in this study. Although Kimura et al. ͑1998͒ reported the negative ER effect in emulsions, the situation was not exactly the same as in our experimental runs. They observed the negative ER effect in emulsions which consisted of a more conducting dispersed phase immersed in a less conducting oil medium. In conventional electrorheological suspensions or ferrofluids, the viscosity reduction has been also reported depending either on the electric-property mismatches between the particle and suspending phases or on the applied field conditions such as its amplitude and frequency. Wu and Conrad ͑1997͒ studied the ER effect of a Teflon/silicone oil suspension under a dc electric field. In this case, the conductivity of the host liquid was considerably higher than that of the particles, which is exactly the case of our emulsions. They showed that the complex polarization parameter ␤* was an appropriate decisive factor in determining the positive or negative ER effect. Microscopic observations in the absence of an imposed shear flow showed that the Teflon particles migrated to the positive electrode under the action of a dc electric field and formed a two-layered structure between the electrodes; one of a liquid-rich phase and the other of a particle-rich phase. The thickness of the liquid-rich zone increased with the electric field strength, which evidently led to the decrease in the shear stress producing the negative ER response. Fluid segregation into the two adjacent phases of high and low volume fractions was also observed in emulsion systems. However, fluid segregation did not always reduce the emulsion viscosity in an electric field ͓Pan and McKinley ͑1997͒; Tajiri et al. ͑1999͔͒. As mentioned earlier, the fluid segregation causes the second mode of transient responses. Thus, it is obvious that at least one other mechanism is responsible for the viscosity reduction in addition to the fluid segregation. The additional mechanism is believed to be the rotation of dispersed droplets in an electric field. Furthermore, as shown in Fig. 8 , in our experimental systems, the second mode of transient responses was hardly observed. This means that even though the fluid segregation is induced, it is not enough to alter the rheological responses of emulsions considered here.
It has been shown that an alternating, linearly polarized magnetic field increases the viscosity of ferrofluid at low frequencies but decreases at high frequencies ͓Shliomis and Morozov ͑1994͒; Bacri et al. ͑1995͒; Zeuner et al. ͑1998͔͒ . The point is that an alternating field induces rotational oscillations of the particles, but does not single out any direction of their rotation. Since the possibilities for the clockwise and counterclockwise rotations are the same, the macroscopic angular velocity of a particle equals zero. However, this is the case of a fluid without an imposed mean flow. Any shearing ͑i.e., any vorticity͒ is sufficient to break down the degeneracy of the direction of rotation, which results in the nonzero angular velocity of the particles. The accompanying ''spin up'' of the fluid by the rotating particles leads to the decrease of the effective viscosity producing the so-called negative magnetorheological effects. This ''negative viscosity effect'' can be understood as a transfer of energy from the magnetic field to the rotation of the particles. They act like nanosized motors and actively reduce the friction between the neighboring fluid layers. Recently, the negative ER effect in ER suspension was also reported ͓Lobry and Lemaire ͑1999͔͒. In that study, the particle was less conducting than medium fluid as like our emulsion systems. They also attributed the negative ER effect to the rotation of the particles.
In the case of the electric field, the rotation of spherical objects suspended in liquid has been observed. Jones ͑1984͒ has discussed the conditions under which a slight rotational perturbation results in a stable rotation in a dc electric field. Assuming that the particle is isotropic, the charge relaxation time scales, c and d , of the continuous liquid and dispersed particle are given as
When the charge relaxation time of the sphere is less than that of the liquid, that is, d Ͻ c , a dipole is generated on the sphere in the direction parallel to the electric field, see Fig. 1͑a͒ . These are stable to small rotational perturbations; in other words, the sphere will be restored to its original orientation from a perturbed state. On the other hand, when d Ͼ c , a reverse dipole is generated on the sphere as shown in Fig. 1͑b͒ . This is unstable to small rotational perturbations. In this case, the sphere will continue to rotate in a dc electric field with no imposed flow when the electric filed strength exceeds a certain threshold value (E 0 ) cr defined by ͓Krause and Chandratreya ͑1998͔͒
in which MW is the Maxwell-Wagner interfacial polarization relaxation time given as
Then, the angular velocity of the sphere in a dc field ⍀ is
Roughly, in the case of ferrofluids, the viscosity reduction is linearly proportional to the rotational velocity ͓Shliomis and Morozov ͑1994͒; Bacri et al. ͑1995͔͒.
In Table II , the interfacial polarization relaxation time MW and the threshold electric field strength (E 0 ) cr required for inducing the electrorotation of a single drop of each emulsion are listed. It can be clearly understood that much higher electric field strength is required, as the conductivity mismatch becomes large. In other words, when the continuous phase becomes more conducting, the electrorotation of the dispersed droplets occurs at higher electric field strength ͓Ha and Yang ͑1999d͔͒. Consequently, the magnitude of negative ER effect is expected to decrease as the conductivity of the continuous phase increases, which is consistent with our experimental results.
The effect of viscosity ratio on the negative ER effect of emulsions can be considered in the same context. For the presence of a simple shear flow, the vorticity in a steady flow inhibits breakup of a drop, which is initially spherical or at least nearly spherical in shape ͓Stone ͑1994͔͒. Indeed, for sufficiently high viscosity ratios, the dispersed droplets attain a maximum steady deformation in a two-dimensional flow with its vorticity and any additional increases in the capillary number are only accompanied by the enhanced drop rotation rather than by any noticeable deformation. Therefore, when the dispersed phase is more viscous, the dispersed droplets may experience much stronger rotation due to the vorticity of an imposed shear flow as well as the electric-field-induced rotation. Under these circumstances, the threshold value of electric field strength required for the drop rotation may be changed by the presence of a shear flow field. Furthermore, we have recently performed a series of experiments on the electrorotation of a deformable fluid drop and observed that the threshold electric field strength is greatly influenced by the viscosity ratio. The results show that the threshold electric field strength increases as the viscosity ratio decreases ͓Ha and Yang ͑1999d͔͒.
V. CONCLUSIONS
In the present study, we have reported the rheological responses of emulsions in a dc electric field with imposing steady or dynamic oscillatory shearing flow. All of the model emulsions consisted of a less conducting dispersed phase and a more conducting continuous phase. The positive ER effect, which is produced at low shear rates, is diminished instantaneously at high shear rates. When the shear flow becomes strong and dominant, the contribution of electric field to the rheological responses of the emulsions can be ignored. The negative ER effect is observed when the shear flow and electric fields are competitive. The magnitude of the viscosity reduction increases with both the viscosity and conductivity ratios. The positive ER effect is clearly induced by the formation of relatively unstable chain-like morphology due to the electropolarization. For some emulsions, there is a certain electric field strength above which the magnitude of the positive ER effect is deteriorated since the electric-field-induced microstructure can be unstable and disrupted at high electric-field strengths. On the other hand, the viscosity reduction of emulsions is associated with the electrorotation of the dispersed droplets. When the viscosity ratio is smaller than unity or when the conductivity mismatch between the dispersed and continuous phases is considerable, the magnitude of the negative ER effect is decreased.
